Eight freshly caught Australasian mass collections ranging in Adh F frequency from 4 to 96 per cent were each divided into eight selection lines. Two selection lines from each base population were put on one of four types of mediumstandard food supplemented with 0 per cent, 3 per cent, 6 per cent or 9 per cent ethanol. After 30 generations the tolerance of 6 per cent and 9 per cent selection lines on a test dose of 9 per cent ethanol was greater than that of the 0 per cent lines on this dose. The tolerance of the 3 per cent lines on this dose was less than that of the 0 per cent lines. There were no significant differences in the tolerance responses across the eight base populations but in only one did Adh frequencies diverge among the four ethanol selection environments: F frequencies in the Brisbane 9 per cent lines were higher than in the Brisbane 0 per cent, 3 per cent and 6 per cent lines. Although the selection affecting Adh did not generally differ among the four selection environments, it differed highly significantly among the eight base populations. The equilibrium F frequencies predicted from the maximum likelihood estimates of the selection coefficients were in close agreement with the frequencies observed in the original collections. The only aspect of the coefficients which was consistent across base populations was FS heterozygote superiority.
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INTRODUCTION
For over a decade the polymorphism for the electrophoretically detectable alcohol dehydrogenase (Adh) F and S alleles of Drosophila melanogaster has been one of the most promising systems for studying the selective forces operating on enzyme polymorphisms. There is good evidence that the two alleles are not neutral to selection in wild populations; large-scale and complementary latitudinal dines have been reported on all continents investigated (Johnson and Schaffer, 1973; Malpica and Vassallo, 1980; Oakeshott et a!., 1982a; David, 1982) . The mechanism of selection has seemed amenable to study because of the presumed role of alcohol dehydrogenase in the tolerance to, and utilisation of, ingested ethanol.
The evidence from natural populations is however ambiguous concerning the selective effects of ethanol on the Adh locus. Microgeographic variation in allele frequencies in, and around, wineries (Briscoe eta!., 1975; Hickey and McLean, 1980; Marks et aL, 1980; McKenzie and McKenie, 1981) is not generally related to differences in the ethanol concentrations of the substrates . In terms of macrogeographic variation, David and Bocquet (1975) and Parsons and Stanley (1981) have some evidence that ADH activity and ethanol tolerance are lower in populations 51 close to the equator than in cold temperate regions; this parallels the clinal distribution in F frequency. On the other hand, an analysis of isofemale lines drawn from diverse latitudes by suggested that there is little if any inherited causal relationship between latitudinal variation in F frequency and ethanol tolerance. Laboratory experiments directed at the Adh/ethanol fitness relationships have lent some support to the contention that ingested ethanol does select on Adh. Several multi-generation experiments have suggested that F, which produces at least twice the ADH activity of S, reaches higher equilibrium frequencies in populations kept on ethanol impregnated food than in those kept on food without added ethanol (van Delden, 1982 for a review). But once again the total experimental results are ambiguous; Gibson and Oakeshott (1982) have pointed out that higher F frequencies have generally only been obtained with populations which have spent at least a year in the laboratory prior to the experiment (Gibson, 1970; Bijlsma-Meeles and van Delden, 1974; van Delden eta!., 1978; Oakeshott, 1979; Cavener and Clegg, 1981; Vigue et a!., 1982) .
In our previous experiments with freshly caught mass collections of winery populations from the Hunter Valley (NSW, Australia), no consistent differences in F frequency on media with and without added ethanol were found (Gibson eta!., 1979; Oakeshott eta!., 1983) . The experiment described in the present paper tests the generality of this finding by investigating the responses to ethanol made by populations collected from various habitats over a wide range of latitudes. The analytical methods of Wilson et a!., (1982) are used to calculate the selection coefficients operating on Adh in the presence of ethanol concentrations ranging from 0 per cent, through 3 per cent (which longevity data suggest is a metabolic benefit; Parsons and Stanley, 1981) to 6 per cent and 9 per cent (which mortality data indicate is a metabolic cost; Oakeshott et a!., 1980).
MATERIALS AND METHODS
The experiment was initiated with flies from isofemale lines set up from recently collected females at eight Australasian localities covering a wide range of latitudes and habitat types (table 1) . Flies from twenty isofemale lines from each locality were combined after between two and five generations in the laboratory to produce eight base populations for the experiment. Population sizes were expanded during the next two generations and then eight random samples of 40 adult males and 40 adult females were taken from each base population to establish eight selection lines. Two of these eight selection lines were transferred to each of four different types of medium: standard medium supplemented with 0, 3, 6 or 9 per cent (v/v) ethanol (recipe in Oakeshott and Gibson, 1981) .
The total of 64 selection lines were thereafter maintained on their respective media types for 30 discrete four-week generations at 22 2°C. All cultures were made in 250 ml bottles each containing 50 ml medium. Three days after transfer the surviving parents in each generation were counted and removed. F and S frequencies were determined in all selection lines at generations 0, 10, 20 and 30. The electrophoretic methods of Lewis and Gibson (1978) were used and the means and standard errors of the numbers of Adh genes scored in each experimental line were 151 1 at generation 0, 283 5 at generation 10, 258±8 at generation 20 and 182±2 at generation 30. These numbers were consistent across the four selection environments and, for generations 0, 10 and 20, always included the parents used for the next generation. The generation 0 sample was also scored for the electrophoretically cryptic thermostable variant FCh.D., using the methods of Wilks et a!. (1980) . ADH activities were determined in samples taken at generation 0 from the expanded base populations from which the selection lines were established. Crude extracts of 7-day old adult males were assayed using the spectrophotometric methods of Chambers et aL (1981) with propan-2-ol as substrate.
In order to assess the response to selection in terms of ethanol tolerance, egg-to-adult and adult survival on 9 per cent ethanol food were measured on subcultures of all generation 30 selection lines. The subcultures were produced by transferring a sample of 50 generation 30 adults from each selection line to standard medium without added ethanol. Their progeny were collected as adults over a three day period and aged for a further three days on standard medium lacking ethanol. To measure adult survival, single sex cohorts of 20 were then put on standard medium +9 per cent ethanol and after three more days the survivors were counted. To measure egg-toadult survival other cohorts of females were left for 12 hours to lay eggs on standard medium +0 per cent ethanol. The eggs were then transferred in groups of 20 to standard medium +9 per cent ethanol. The flies developing from these eggs were counted when they emerged as adults.
The conventions for nomenclature and the methods for the statistical analysis were as described in Wilson eta!. (1982) , and Wilson and Oakeshott (1984) . Each selection line was denoted by a three-symbol code (b, e, r) uniquely defining it in terms of three factors: the base population from which it was derived (b = 1, 2, . . . , 7, 8), the ethanol environment to which it was allocated (e =0, 3, 6, 9) and the replicate number within its particular b-e combination (r= 1,2). Selection coefficients were estimated by maximum likelihood methods for each selection line and for various groups of them defined by (b, e, r) values. Differences between the coefficients for the different selection lines and their groups were assessed by analysis of deviance.
RESULTS
Because the eight base populations were drawn from a wide range of latitudes, their initial F and S frequencies differed considerably, as did the frequency of the linked chromosome inversion In(2L)t (table 1). The tendency for the initial frequencies of S and In(2L)t to decline with increasing latitude was consistent with their previously documented latitudinal dines (Knibb et a!., 1981; Oakeshott et aL, 1982a) . As reported by Knibb (1983) , F and S were consistently in gametic disequilibrium with In(2L)t: chromosomes carrying In(2L)t generally also bore S. The initial frequencies of the electrophoretically cryptic FCh.D. allele varied between 000 and 005 across the eight base populations and, as reported in Wilks et aL (1980) , were not clinally related to latitude. ADH activities were highly correlated with F frequencies (r =086, P <0.001) and, after correction for the covariate effects of F frequencies, did not differ significantly between the eight base populations (F(7gn=O24, P>0O5) .
The pci cent selection lines. The drop corresponded to a decrease in the temperature to which the media was cooled (-48°C after versus -55°C previously) before the ethanol was added. It was suspected that less of the ethanol evaporated immediately after its addition in the later generations.
At generation 30 the egg-to-adult and adult male and female survival percentages of all selection lines were measured after test doses of 9 per fig. 2 . Preliminary analysis of the genotype frequencies was suggestive of heterozygote advantage. In a highly significant majority, 155, of the 213 segregating samples scored, there was an excess of heterozygotes above Hardy-Weinberg expectations. In 23 cases this excess was statistically significant. There were only five cases of significant heterozygote deficiency.
The trend for heterozygote excess was consistent across the four ethanol environments and eight base populations (except for St Peters (b = 8), for which an F frequency of 100 per cent was reached in all 8 selection lines by generation 10).
Prelimi'nary analysis of the allele frequencies revealed that F frequency was higher at generation 30 than generation 0 in a significant majority, 46, of the 64 selection lines. This trend was generally consistent across the eight populations, although it was most obvious in St Peters. It was also generally maintained across the four ethanol environments; of the 16 selection lines in each environment, 12 showed a rise in 0 per cent ethanol lines, 8 in 3
per cent lines, 13 in 6 per cent lines and 13 in 9 per cent lines. The weakness of the trend was however indicated by a turning point analysis. In just over half, 56 of 96 possible cases, the direction of F frequency change was reversed in successive 10-generation intervals.
Consistent with these reversals, fig. 2 also shows a high degree of variation between replicate selection lines in both the magnitude and direction of the trajectories. Notwithstanding the significant majority of heterozygote excesses and the rises in F frequency overall, it is obvious that any selection affecting Adh must be relatively weak, or the effective population sizes relatively small, or both. Table 3 gives the deviance decreases for a series of successively more parameterised models of selection on Adh in the 64 selection lines. In the absence of significant effects due to the additional factor in the more parameterised model, each of these deviance decreases is expected to be approximately distributed as a x2 (Wilson and Oakeshott, 1984) . The deviance decreases also increase with the effective population size assumed; however, in the present data the significance or otherwise of deviance differences generally applied throughout the range of biologically reasonable effective population sizes (see below). Thus, a two parameter (, ., .) selection model of common, non-zero s and t over all 64 selection lines gave a significantly better fit to the data than a neutral model with zero s and t.
A further significant improvement in fit was made by a 16 parameter (b,,) selection model allowing s and t to vary among the eight base populations.
And a still better fit was obtained with a 64 parameter (b, e,.) selection model in which s and t could vary across the four ethanol environments within each base population (although at f=0.l, P 0.08). However, a full, 128 parameter (b, e, r) selection model in which s and t could vary between the two replicates in each of the 32 base population-ethanol environment combinations did not significantly improve the fit any further, even if the ratio, f, ofeffective to observed population size, was presumed to be as high as 09.
Inspection of the contributions made by the eight base populations to the deviance difference between the (b, ,) and (b, e,.) models revealed that over half of the difference (e.g., 65 1 of the 10013 at 1=0.5) was due to ethanol effects in a single base population, Brisbane (b =3). Therefore (table 4) showed the same pattern of significant differences between models as was found among the total data, except that the (b, e,) model was no longer significantly better than (b, .,.), even at f= 09. With the exception of Brisbane, then, there were no significant selective effects of ethanol environments on Adh allele frequencies. Fig. 3 gives the confidence contours for the selection coefficients s and t in each of the 32 b-e combinations. The coefficients s and t define a set of relative fitnesses of 1: 1 + t: 1 + s for SS: FS: FF. All contours were calculated for f= 05 and a subset were calculated for f= 0•2. These two f values were used because Monte Carlo simulations carried out as in Wilson and Oakeshott (1984) suggested that the 95 per cent confidence interval for f was from about 02 to about 05. It is noteworthy that Wilson and Oakeshott (1984) determined the same interval in their experiment. There was relatively little difference between the contours calculated at f= 02 and 05, although most of the contours defined rather broad ranges of s and t values. (This was particularly true for Palm Woods, Melbourne and St Peters (b = 1, 7 and 8), where generation 0 F frequencies had been most extreme.) The lack of definition reflected the facts that each contour was based on only two replicates and that the 95 per cent confidence interval for effective population size was only about 15 to 40 flies (based on the interval for f above).
Consistent with the analyses of deviance in tables 3 and 4, the only base population for which there were clear differences between the contours for different ethanol environments was Brisbane, where the value of s was significantly greater than 0 for 9 per cent selection lines, but not for 0 per cent, 3 per cent or 6 per cent lines. This indicated that the FF homozygote was significantly fitter than SS on 9 per cent ethanol, but not at lower ethanol concentrations. Fig. 4 gives the confidence contours for s and t for each of the eight base populations calculated over all ethanol environments. Each of these contours was based on eight selection lines and, with the exceptions of Palm Woods, Melbourne and St Peters, s and t were relatively tightly defined.
The contours revealed two general points about s and t. First, t, for the fitness of FS relative to SS, was significantly positive for all base populations except Palm Woods, Melbourne and St Peters. This trend for positive t was also true in the s and t contour for the total data over all 64 lines (fig. 4) , where the maximum likelihood estimate was s = +007, t = +012.
The second general point from fig. 4 was that s, for the fitness of FF relative to SS, was greater for base populations with higher generation 0 F frequencies. Indeed the same trend was obvious if the equilibrium F frequencies predicted by the maximum likelihood s and t estimates were plotted against generation 0 F frequencies ( fig. 5 ). In general, the selection operating over the 30 generations in the experimental populations worked to retain F frequencies around (generally slightly above) the values originally found in the source populations in the wild.
Discussion
Before considering the responses of the Adh polymorphism, it is important to note that after the thirty generations differences in ethanol tolerance had developed between selection lines maintained in the four ethanol environments. Moreover these differences were consistent across the eight base populations used. Thus, the experiment had successfully established differences in ethanol tolerance among groups of selection lines in which the Adh polymorphism might a priori be expected to be involved. Indeed the potential for differences in Adh responses was enhanced by the opposite tolerance responses of the 3 per cent versus 6 per cent and 9 per cent selection lines. The survival rates of adults and preadults after test doses of 9 per cent ethanol were higher in the 6 per cent and 9 per cent selection lines than in the 0 per cent lines. On the other hand, the 3 per cent lines were similar to the 0 per cent lines in adult female survival and lower in egg-to-adult and adult male survival after the test dose. Analogous discrepancies between the responses of the 3 per cent versus6 per cent and 9 per cent lines will be reported elsewhere for developmental times, productivities and adult dry weights after the test doses. This is consistent with other evidence from fitness component analyses at different ethanol concentrations that 3 per cent ethanol is a metabolic benefit to D. melanogaster, whereas 6 per cent and 9 per cent are metabolic costs (Oakeshott et aL, 1980; Parsons and Stanley, 1981) .
Despite the extent of the tolerance differences which developed among lines selected on the four ethanol environments, and the consistency of these differences across the eight base populations, the only response of the Adh locus was an increased fitness of FF relative to SS in the 9 per cent versus 0, 3 and 6 per cent Brisbane lines. This result for Brisbane is the only one consistent with the increased F frequency previously reported in many populations kept on ethanol food. Yet, of the eight base populations we used, Brisbane was not distinguished by extremes of In (2L) showed no significant difference from controls and none showed a significant decrease in F frequency. The outcome was not obviously related to the ethanol concentration, base population size or initial F frequency. However, it was strongly correlated with the origin of the base populations and with the time between their capture and the start of the experiment. With few exceptions the only base populations showing elevated F frequencies on ethanol media were non-Australasian collections which had spent three or more years in the laboratory prior to the experiment.
It is unclear simply from this whether the continental origin of the populations or their capture-to-test time more closely reflects the causal factors. However other lines of evidence suggest that the continental origin is not relevant. Thus, if Adh genotypes are extracted from highly inbred or long established laboratory populations, then characteristic differences in in vitro ADH activity and ethanol tolerance can be found between them which are similar for Australasian, American and European populations (van Delden, 1982 for references). Moreover, F and S variants extracted from Australasian populations have identical amino acid sequences to their American and European counterparts (Kreitman, 1983) . We therefore suspect that the failure of the Adh polymorphism to respond to ethanol selection in most base populations noted in table 5 is causally related not to their Australasian origin but to their relatively short capture-to-test time (within 4 months).
A role of capture-to-test time might reflect changes in background genotype after wild/caught populations are brought into the laboratory. Clegg (1978, 1981) Whereas rotting fruits can contain up to 3 per cent ethanol, laboratory food is virtually free of ethanol, unless specifically supplemented Oakeshott et aL, 1982b) . Adh frequencies in long established laboratory populations might respond to selection on ethanol media because the genetic architecture evolved in natural populations for adaptation to ethanol has been changed. Whatever the reasons for the discrepancies among studies it is now clear that in the majority of base populations most closely related to their wild source populations the Adh polymorphism does not respond to selection on ethanol media. This is consistent with the recent finding by Middleton and Kacser (1983) that in vivo degradation rates of ingested ethanol do not differ among the FF, FS and SS genotypes. In his review of the population genetics of Adh, van Delden (1982) concluded "It appears that the Adh polymorphism meets the demands made for the direct detection of selection in view of the relation between the enzyme activities in vitro of the genotypes and their survival in the presence of ethanol." Van Delden (1982) admitted that several studies (reviewed in our Introduction) finding no relation between geographic variation in Adh allele frequencies and ethanol tolerance in wild communities were difficult to interpret in this light. It now seems that selection among the Adh F and S alleles in response to ethanol is largely restricted to laboratory-adapted populations, the relevance of which to wild populations has not been demonstrated. Although the selection on Adh generally did not differ among the four ethanol environments tested here, it differed very significantly among the eight base populations. In each base population selection operated to stabilise F frequency in the vicinity of, or slightly above, that observed in the original collection. Similar results were obtained by Berger (1971) and Wilson et aL (1982) , who found that, in populations recently collected from the wild, experimentally perturbed F and S frequencies returned over a number of generations to values around those in the original collections. These results indicate that components of the genetic background influence any selection on Adh, not only specifically in relation to ingested ethanol, but also, more broadly, irrespective of added ethanol. In the present study any direct selection on Adh due to ethanol was generally insufficient to overcome the stabilising selective forces imposed by the genetic background.
Despite the effects of the genetic background, one aspect of the selection affecting Adh which was consistent across all the base populations and ethanol environments studied here was heterozygote advantage. This was evident not only in the highly significant excesses of FS above HardyWeinberg expectations, but also in the consistently greater estimates of fitness for FS over both homozygotes. It was also apparent in the fitness set of 1OO: 1-12: 1O7 for SS: FS: FF which was estimated from the total data. This general superiority of heterozygotes concurs with the FS excesses observed by van Delden eta!., (1978) in their study of laboratory populations and by Franklin (1981) in his five year survey of seven Australian winery populations. However, the in vivo and in vitro functions of ADH in which such heterozygote advantage might accrue have yet to be identified.
